Silver is widely distributed in nature and is a major compound of a wide range of minerals. The most important applications of silver and silver compounds are in photography, structure of batteries and semiconductors, electroplating for both decorative and industrial applications.
Experimental

Reagents
All reagents were of analytical reagent grade and were used directly without further purification. Triply distilled water was used to prepare buffer and reagent solutions. A silver stock solution (1000 µg mL -1 ) was prepared by dissolving 0.1574 g of AgNO3 (Merck) in water and diluting to the mark in a 100 mL volumetric flask.
A stock solution of peroxodisulfate (0.5 M) was prepared by dissolving 23.81 g of its sodium salt in distilled water and diluting to 200 mL. Janus Green solution was prepared by dissolving 0.051 g of the powder in 10 mL methanol and diluting with water to 200 mL. 0.01 M o-phenanthroline solution was prepared in water-methanol 1:1 mixture.
Apparatus
A Model 8750 UV-Vis spectrophotometer (Philips) with 10 mm cells was used to make absorbance measurements. To adjust the temperature of the cell compartment a thermostated water bath regulated at the desired temperature was used.
Procedure
To a series of 10 mL volumetric flasks, 0.24 mL of H2SO4 (0.5 M) was added. 0.5 mL Na2S2O8 (0.5 M) and 0.6 mL of ophenanthroline (0.01 M) were also added to obtain a final concentration of 0.025 M and 6 × 10 -4 M, respectively. For the catalyzed reaction, aliquots of silver(I) solution containing 40 -5000 ng silver were added. The solution was diluted to about 9 mL with distilled water. This solution was shaken and 0.8 mL Janus Green 5 × 10 -4 M was added; then the solution was diluted to 10 mL with distilled water. The zero time was taken as the moment at which the last drop of Janus Green had been added. The decrease in the absorbance was measured for the first 300 s at 615 nm and 20˚C.
For determination of lower concentrations of silver (0.3 -4.0 ng mL -1 ), the above procedure is repeated and peroxodisulfate and o-phenanthroline final concentrations were increased to 0.03 and 8 × 10 -4 M, respectively.
Results and Discussion
Optimization of procedure
A solution of Janus Green in the presence of Na2S2O8 (0.025 M) was relatively stable at 25˚C but underwent a rapid decomposition when Ag(I) at ng mL -1 level was added. The presence of o-phenanthroline as an activator increased the rate of this catalytic reaction.
Effect of pH, concentration of reagents, temperature and ionic strength on the above reaction were studied.
Effect of pH
This study was made over the pH range of 0.1 -8, using Tris buffers for pH adjustment. According to the results, better sensitivity can be obtained at low pH values (pH <1). Therefore, the effect of addition of different concentrations of acid on the rate of both catalyzed and uncatalyzed reactions was also studied. HNO3, H2SO4 and HClO4 were tested as acids for adjustment of acidity. Among these, H2SO4 gave better sensitivity for the catalytic reaction. Figure 1 shows the effect of sulfuric acid concentration on the rates of both catalyzed and uncatalyzed reactions. As is obvious, maximum sensitivity can be achieved by using 0.012 M H2SO4.
Effect of reagents' concentrations
The effect of concentration of each reagent on the rates of both catalyzed and uncatalyzed reactions was studied. The reaction rate increased with the peroxodisulfate concentration (Fig. 2) . However, the rate of the catalyzed reaction increases more than blank at peroxodisulfate concentration of 0.02 -0.03 M. Thus, 0.025 M of S2O8 2-was adopted for further studies.
The influence of o-phenanthroline concentration on the reaction rates was also studied (Fig. 3) . The results show a sharp increase in the rate of catalyzed reaction with increase in o-phenanthroline concentration, while the reaction rate of the uncatalyzed reaction show an increase with o-phenanthroline concentration above 6 × 10 -4 M. Thus, an o-phenanthroline concentration of 6 × 10 -4 M was used for further work.
Finally, the effect of Janus Green concentration on the reaction rates was determined. The concentration of Janus Green was varied from 2 × 10 -5 M to 7 × 10 -5 M, a limited range owing to the high molar absorptivity of the dye. From the results, an optimum concentration of 4 × 10 -5 M of Janus Green was selected for further studies.
Effect of temperature
A study of the influence of the temperature on the rate of the oxidation of Janus Green (4 × 10 -5 M) in the presence of peroxodisulfate (0.025 M) and Ag(I) (100 ng mL -1 ) was made in the temperature range of 10 -50˚C. The increase in the reaction rate with increasing temperature for both the catalyzed and uncatalyzed reactions is shown in Fig. 4 .
According to the results, the reaction rate increased with increasing temperature from 20˚C to higher temperatures for the uncatalyzed reaction, whereas, the reaction rate increases with increasing temperature from 10 -50˚C for the catalyzed reaction. Therefore, a temperature of 20˚C was adopted.
Effect of ionic strength
The effect of ionic strength on the reaction rates for both the catalyzed and uncatalyzed reactions was investigated, the salt concentration being varied from 0 to 0.6 M using 1 M NaNO3 solution. The results indicated that, with increase in NaNO3 concentration, the rates of both catalyzed and uncatalyzed reactions decrease. Thus, a standard addition method was used for determination of silver in real samples. The detection limit 9 (defined as the concentration giving a signal equal to the average of the blank value plus three times its standard deviation) was also obtained. The experimental limit of detection was 0.3 ng mL -1 and the theoretical limit of detection was 0.25 ng mL -1 . A study of precision was made with seven independent solutions containing 100 ng mL -1 Ag(I). The relative standard error was obtained as 2%.
Calibration graphs and analytical figures of merit
Interference study
The influence of foreign ions was investigated on the determination of 100 ng mL -1 Ag(I) under optimum conditions. The tolerance limit was defined as the maximum concentration of the foreign ion causing a relative error of less than 5%. The results are presented in Table 1 .
Mn 7+ showed a serious positive interference. However, this interference can be eliminated by previously reducing Mn 7+ to Mn 2+ with addition of 10 ml hydrogen peroxide (30%) and shaking the solution. Mn 2+ at concentrations up to 30 µg mL -1 did not interfere with the determination of 100 ng mL -1 Ag(I).
Residual traces of hydrogen peroxide were decomposed by heating the solution. Cu 2+ inhibits the catalytic reaction rate. In order to eliminate its interference, a two-step extraction with 5 ml chloroform was performed after addition of 1 ml saturated dimethylglyoxim into the solution.
Application
In order to confirm the usefulness of the proposed method, it was applied to the determination of silver in plant tissue, in a photographic solution, in a sample of lake water and in several synthetic samples. The uptake of silver by plants (Phaseolus vulgaris cv. Khomin) was monitored by placing each plant in distilled water containing 100 µg mL -1 of silver for 72 h. The plant root was taken as the real sample and it was kept in oven for 16 h. The material was then digested with 6 ml HNO3 10 M and then with 3 ml perchloric acid 10 M. 10 The digested solution was filtered, neutralized with NaOH, and diluted to 100 ml in a volumetric flask. The solution was analyzed by the method of standard addition and silver(I) was determined by both AAS and the proposed method.
The determination of silver in a photographic solution was also performed and the AAS and the signals obtained by the proposed method were compared. Table 2 also shows the results of analysis of different samples. Good agreements between the results obtained by the two methods show the applicability of the method to real sample analysis.
Conclusion
The proposed catalytic kinetic method is a simple, sensitive and relatively selective means for the determination of traces of Ag(I) with good accuracy and precision. With this method it is possible to determine concentrations as low as 0.3 ng mL -1 of silver. The procedure also provides a wide linear dynamic range, up to 500 ng mL -1 . The method is also valuable in that the presence of 7 fold excess of mercury can be tolerated, in contrary to many kinetic methods for the determination of silver which suffer from severe interferences from mercury. 6 Table 2 Determination of Ag(I) in some real and synthetic samples using proposed method and atomic absorption spectroscopy RE, relative error; RSD, relative standard deviation for n = 7. a. The river water was spiked with silver having Ag + concentrations as in (A) 300.0 ng mL 
